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RHIG S in Retreat

heny -
ln Aﬂdﬂmﬂ, | woua'd add
: i -;-@ Usefulness of “Gerry’s Meeting’ e
o Timely discussion for re-focusing effurts tuwards must
. optimal working plan

a Questlons ﬂn Hun-.’! Perfunnance. and Ruri-s.Pian -) : ;_‘:

= Coherent view among all experiments and all machm:sts

e Eetter communication with MCR
- = Polarization Measurement
& Steering
@ Cog/ Re-cog/ Spin Flip
= Scraping
# Dump
= Spin Pattern Change
P Ny @ Experimental Magnet Control

(* bhifi-to-Shift Informatien: transfermmong MCR shift crews
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s @ Better Perturmance and Heproduclbillty
. =Diagnosisateachstep:

s Source <> 200 MeV > Booster > AGS iﬂ}ecﬂan - AGS extrantlan
- RHIC Injection -> RHIC fiat fop : Shhs

B Understand systematics of monitoring system
'+ Redundant measurements -
— Multiple measurements at RHIC (¢f. Emmance gmw!h '?‘}
— E880 vs new AGS Polarimeter
— RAIC CNI Polarimeter and possible Local Polarimeters
& Commissioning of New Devices and re-
commissioning of “OLD” Devices
=2 Spin Rotators
¢ highly coupled with Local Polarimeters
@ Snakes / Spin Flipper / Polarimeter

= Source = Linac - Booster - AGS - AtR

III',
ﬂ RIHE N Naohio Sano (RIKEN, RERC) *’
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L ﬂavalnp Robust ﬁpmimn tha spaca
- e Source > Linac > Booster > AGS > RHIC
+ Anyadditional device to achleve this goal?
“Strong" AGS Partial Snake
@ How can we arrange these developments with
minimal interference with Spin and HI PHYSICS
program ?

ﬁ RI“E N Naohito Seito (RIKEN/ RBRC) G
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SINGLE TRANSVERSE-SPIN ASYMMETRIES
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| " Some related references: J.Q and G Sterman, Phys. Rev. Lett. 67, 2264
(1991); Nucl. Phys. B378. 52 (1992); Phys. Rev. D39, 014004 (1999): D.
Boer and J.Q.. Phys. Rev. DBS5, 034008 (2002): C. Kouvaris. J.Q., and W.
Vogelsang, in preparation.
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1. INTRODUCTION

® Single Spin Process at RHIC:
AP, 8§ +B() = C)+X

— only one initial-state hadron is polarized

— observed particle C'(£) is unpolarized, and
can be any high transverse momentum particle

™, P, 7Y, or lepton
— cross section: o (¥, §)
e Single Spin Asymmetry — definition:
~ Spin-avg X-section: o (£) = ;[0 (¢, 3) + (£, —5)]
— Spin-dep X-section:
Ac(£,3) = L[o(4,8) — o (t, —3)]
— Single-spin asymmetry:
Ac(£,5) o(£,8) —o(£,—3)
o(0)  oll,3) +all,—3)

— Single longitudinal-spin asymmetry: A7,

A(L,7) =

particle spin & is parallel to its momentum '

~ Single transverse-spin asymmetry: A

particle spin S is perpendicular to its momentum 5



Even though X-section ¢ (£, §) is finite, single spin asymmetry
can vanish due to fundamental symmetries of interactions

® Parity and time-reversal invariance
= Ay = (0 forinclusive DIS

— Inclusive DIS X-section:
G-(t?T) X LHU W;Lu(lg*T)

— Hadronic tensor:

W (57) o< (P, 87| 31(0) 5. (v) |P, 57)
— Parity and time-reversal invariance:
(P, &7]71(0) 4. (y) |P, 57)
= (P, —&7|3}(0) ju(v) |P, —5r)
= W (87) = Wyu(=3r)
— Spin-dependent X-section:

AJ(ET) x LM H’Vp,p(g’fj T W,uv(_gT)] :

= 8 [WTH_L,(E'T) — WM(ET)] = {)
because L*" is symmetric for a unpolarized lepton
— Above result is valid for any two-current correlators

e Parity conserved interactions - A; — ()
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® Single spin asymmetries correspond to 7T"-0dd triple
product: An X 138, (P X Ej

— P is beam patrticle’s three momentum
~ £ is momentum of observed particle
— the phase “2” is required by time-reversal invariance

— covariant form: An o< 1e#¥ ap p“Su Qpﬁ

f//

,f'

/_ -

e Nonvanishing A \' requires a phase, a spin flip, and

enough vectors to fix a scattering plan
— Inclusive DIS does not have enough vectors
Note: ¢ and p can only fix a line
e Following examples can generate nonvanishing A y;:
— Single hadron (or photon) at high £+
— Drell-Yan lepton angular distribution

QI
— Semi-inclusive DIS

oY
§
i
[
=
3 o
—
~n



2. Axn FOR SINGLE HADRON PRODUCTION

® pQCD was first used to study single transverse-spin
asymmetry by Kane, Pumplin, and Repko in 1978
\ i / — imaginary part of the loop pro-
E 3 i e vides the phase

/)N

AT

— quark mass provides the

needed spin flip

+ce - AN % (p, 37 |$Thlp, ST)
where I' = vy Ty, ...

-

e The fact that A X 11, indicates that A y is a twist-3
effect in QCD perturbation theory

e QCD dynamics is much richer than the parton model

— twist-3 arises from “intrinsic” ko
— AN X T;.ET ~ (p .571]1,!“)]?\81*1,0‘}3, §T>

— twist-3 from interference between a quark state and a
quark-gluon state

= Ay x T4, ~ (p, §T‘JJFAT¢!P:~ ST)

+ C.C.




AN FROM POLARIZED TWIST-3 CORRELATIONS .,

" .‘_*.u--—' T s, 5 'J\-*
I ( X2=%) P L X2f

e Unpinched pole = id(x; — x9)
e Color gauge invariance combines T}.... and T'4.,. to
Tpr(z1,22) & (p,3r[YTDry|p, iT)
Tr(zy,z2) o (p,S7|YTF La|p, 57)

e Ay # () requires

- T(z1,29,57) #0 whenz; = 29
- T(mlﬁmﬁr S_'T) 7£ T(mla I, _gT)
— Combination of T'(z, 22, §7) and partonic part is

real
= Ax X Tg(ay..r2) with r1 = X9, and

Tr{z1,z) :/ “ dy—z emlp+y1_+ﬂx?' 21)PTyy
4

% (P, 8r|$a (07" [T F¥ (u37)] wa (7)1 2, 87

e Three field operator does not have the probability

interpretation of normal parton distributions
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f'li,'\-' FROM TWIST-2 TRANSVERSITY DISTRIBUTION

e Twist-3 initial-state unpolarized correlation®

v

— even 7's in operator definition of dg(x)

N -
£ x/ %"
= much smaller number of diagrams

— double suppression from d¢(.r) and chiral-odd twist-3

correlation function

— contribution to A y is a factor of 5-10 smaller than that
from polarized initial-state T'x

e Twist-3 unpolarized fragmentation function

L i

” — <P+ ()—' )~y

M E £ %p
: - ﬁ Pﬁll.ﬂ. z : zl.é.
f L\ A
P’ + fe)

—X . LD

- Expect to be of similar size, and much smaller than

that from polarized initial-state [ -

Y Kanazawa and Y. Koke. Phys Lett B490 (2000) 99
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FACTORIZABLE SINGLE TRANSVERSE-SPIN ASYMMETRIES

® Generalized factorization formula for hadronic single
transverse-spin asymmetries

Acapn(sT) = E TSi(Ihl‘z:-ﬁﬁ@fbfﬁ(ﬂ”)

ahc

@
Qs

ub—H;[:ET) Y Dr_‘-*-fh-(z':}

® {fwrs (") ® Gy o (F7) ® D) (21, 22)

+f,f?jﬁ{.-r§1 25) ® 6y . (87) ® Dosynr (z)}

e 0,0' and &' are perturbatively calculable
e 7' P—invariance —— at least one function has TWO .r's

: ; : (3 3
e Chiral-odd d¢(.r') requires chiral-odd feE/.}B and Di_ih
= first term is larger than the other two

® Can generalize & to convolution in A for both

initial-state and final-state interactions

— Initial-state k7 = Sivers effect
D. Sivers, Phys. Rev. D43 (91) 261;
M. Anselmino et al., Phys. Lett. B362 (95) 164 ...

— Final-state kT = Collins effect
J. Collins, Nucl. Phys. B396 (93) 161:
R.L. Jaffe, et al., Phys. Rev. Lett. 80 (1998) 1166; ...
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LEADING CONTRIBUTION TO THE ASYMMETRY OF PION
PRODUCTION

® Minimal approach (collinear factorization):
&"-TAE-—-;-F:.(ET?J ~ E Té?;(ml,mz,gj‘J'@fth(mf)

abc

& &ab—vc(g']") & Dc—rh(z)

-
e

»*

+C.C.

e Keep only quark fragmentation
— observed momentum: £7. o zz'22S
— parton distributions are steeply falling as z — 1
eg., fg(z) x (1 —z2)*witha > 3 — 4
— quark fragmentation function falls slower as z — 1
e.g, Dysr(2) o (1 — 2)™ with n, ~ 2 |

_l;'_p

X-section is dominated by small .r ~ " and large -

e Need gluon fragmentation contribution at low / ;- and
large S



WHAT T (2, ) TELLS US?

Tr(x,x) o (P, &7|%a (0)y" U dyy T F,M (y5) | a(y; )| P, 87)

® a classical (Abelian) analog:
rest frame of (p, &)

I =l

St
—»3 <3y
2 T T B/75¢ Cqurjec‘ Pﬂnl-fc le

/ F""‘E' (I‘—E‘)

4
b P= (vn,0) "

— change of transverse momentum

d , a
Epg — e{ﬁ’ X B)a = —ev3 By = evg Fag

— in the c.m. frame
(m,0) = = (1,0,07), (1,-2) = n=(0,1,0p)
=¥ GPy= eI
— total change: Aph = e [ dy~es77" R F +(y™)
e Color field strength /* ™7 alone is not gauge invariant

e '/} represents a fundamental quantum correlation

between quark and gluon inside a hadron
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TECHNICAL STEPS TO CALCULATE THE ASYMMETRIES

— in a color covariant gauge

A* ﬂuc’
P s+ k b Psr e /P"’"
! o 2
VR 34 k,
H — p

e gluonfield: A - n-A=AT
e expand H (ky, ko) to linear in kr

oH
Bk,
o convert (ko, — ky, )7A" — 07A" — Fot

..I"I(-Iﬁhk_g‘} —3 H(:I'.ljfl.. CFE}?:I - (kg.l, - .Ii:-g_j.,)g -

e factorized formula:

l . OH
Aoc(st) = dzides Tr(x1,2) |1 T
ks kg =0

e either .y or .ry is fixed by the pole in partonic part.

; FDI'E ;

IniJ«-‘a!-S-i-a%e Final-State
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CONTRIBUTION FROM INITIAL-STATE INTERACTION

(X2 ~X)p+R %P X2P+Ry

® Soft-gluon pole gives the needed phase:
1

Ty — T + i€

3 —imd(ze — 1)

e Two type contributions to partonic 2H-- L2 =%Prxp'-p, +k,

Lj'rtf,r
e 4 LI :X,P-g—xir’_ P

* [S(3)-801))

\ hr"o f!ilff,q

KI?P }.’:F+k1_ P XaP+ B

L4

* S(L3)
L,

K'P,-l-h-r }(’P'

— phase space d-functions = derivative term

§(L3) — 6(L2) m~ 8" (L2)(—2pe - kp) = L Te(z,x)

— non-derivative term
(L) — (R) x ﬂu—hl =% P {E, %)

e in forward region, .r{—:,%,-'f . 2) > Telre.r)

because I'p(a. 1) x (1 —r)®asxr — 1.



CONTRIBUTION FROM FINAL-STATE INTERACTION

d. Xz P+ Ry ) &
‘5 Pe ,.
o(L;)
Eq)
(L) (R )
e Soft-gluon pole gives the needed phase:
=1 o
— —imd(zy — T + ] kT)
mg—rl—l—EH 1€ Pec P
e Two type contributions to partonic gf
® P
M «[50) - 5]
Rezo 7
O (k)
Fe -y +k,.
L!
C}Fhr}

— phase space d-functions = derivative term
6(L3) —86(LT) ~ 8 (L2)(—2p. - kr) = 2L Tp(z, J,) |
— non-derivative term

iy e
(L) — (R) « [zpcﬁ I z’r"-ﬁk?} = T ()

® most contributionto A\ x {4/ u

e part of final-state effect x {1/t ~ 1 /(-

= 1\ does not fall as fast as 1 // as /- increases.
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Leading (0/0x)Tr(x, z) contribution to the asymmetries

dAo

= a
B £pspni Dc—bm’ S P }
g X € (z) & { & F(z m)]

1 Pe ot ”
@ '__{E Gfm;] @ Abggse + E g(z)® ‘&Jqq’-—q}c

q}'

® Adgq e and Adyy . are perturbatively calculable

e Example, qg — qg scattering

3 R i e ! f
E_"-', '8 + - ) I; 3 -+
’b"“ -z 1“'—'._4' oW e T -‘Elil
a J A
4 J g

— final state:

1 [ 8 u} [1 LNz qﬁ,]
p B €
2_7\.% [.Né, — 1) i g

~ unpolarized:

NZ—-1[ 5 . 2NZ 84
2NZ, T NZ —1 ¢2

e extra gluon interaction leads to a different color factor
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MODEL FOR QUARK-GLUON CORRELATION Tr (2. 1)

e Twist-3 correlation T'r(z, z):

Ay, .p+.—

4

X{P, & |a (0)y" [/ dyy TN E T g, ) Ya(yy )| Py 87

e Twist-2 quark distribution:

dy, =% ¥ T iy — -
q(x) =/ 4; e " M1 (P, &7 |¥a(0)y Ya(y] )| P, F1)

e Model for T’y (. &) of quark flavor a:
Tr,(z,2) = ko Aqq(x)
with &, = +1 and Ay = —1 for proton
e Fitting parameter A ~ O(Agen)

e Predictive power of the factorization approach:
— extract T'7(z, z) from one observable, say 7+ or 7~
— use it to predict other observable, say 70

— (0/0x)Tr(x, ) leads to enhancement of the
asymmetries in forward region

— same partonic parts can be used for calculating the
asymmetries in production of other types of single

hadron, say in &, or p production
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COMPARE AN APPLE WITH AN ORANGE ()

0.4
0.2
F 00
~0.2
~0.4

Fermilab data with £+ up to 1.5 GeV

T | | SO | T ] I I | T T T T T T T T I'
i i
- .f_
[ ¢ m* i
o w 5
__ Vs = 20 GeV, pp __
-1y - 4 GeV -
A = 80 MeV <\
[ L I [ i i i | 1 1 1 I ] 1 1 1 1 I 1 I
0 0.2 0.4 0.6 0.8
Xp
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COMPARE AN APPLE WITH AN ORANGE (II)

0'4 T T | I I T I ] ¥ | I I ] I I ] T ] %|
L % m* b
e —
z 0.0 1 =
< .
- ..__[I:} 4
i ; .
B | Vs = 20 GeV, pp 4& ‘-H |
- 1, = 4 GeV \ 4
| ol
A = B0 MeV % |
_0'4 | ] | = | 1 i i | i i I | I 1 | I |
0 0.2 0.4 0.6 0.8

Xp

Fermilab data with £ up to 1.5 GeV

Theory curves fil data better if evaluated at a lower (-



COMPARE AN APPLE WITH AN ORANGE (II1)

Ups T 1 ] L) 1 ] ] | I | | | | ] ] I 1 ] T T T
| ® n°, pp ]

D ''''' ﬂﬂr 5p -

02 Vs = 20 GeV |

i 1"_[' = 4 GUV

A = 80 MeV s ]

t&"‘-’* 0.1 -— __
0.0 -
T N PRTRTS PR PRETL T
0 0.2 0.4 0.6 0.8

X

Fermilab data with £+ up to 1.5 GeV



AN AT RHIC ENERGY (1)

0,2 T T T T T T T T T T T T l T T
Z m ]
0.1 SR ey
I R e ~
-i B — . = = pa -
; !
- ‘!L —
et il Vs = 200 GeV, pp |
F- x;:' p— D‘q' =
: A = 80 MeV j
_02 L I I l L1 ] i | I i I ! | L

0 2 4 6

1T

Derivative term only for partonic hard part

Non-drivative term are getting calculated by Kouvaris, Qiu,
and Vogelsang
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AN AT RHIC ENERGY (1)

Dz LT I N N | L T T T T T T T 1 1 1
ﬁ m ﬁ
0.1
z 0.0
-ﬂ -
i 1
| Vs = 200 GeV, pp )
F e = A GEY .
A = 80 MeV
_0'2 L | I N T | | I SR T | I S RN R | I | ] T |
0 0.2 0.4 0.6 0.8.

XF

Derivative term only for partonic hard part
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4. A FOR DRELL-YAN MASSIVE DILEPTON"

® Process:

A(p,5)+ B(p') = v (Q)[— ]+ X

e Frame:
Z
A
"\.‘\\\ 1
?
8/ |
|
4 S_— > Y
"x\- /
A S
X(S7)
e

e Single transverse-spin asymmetry in a0 d0

/. |sin28sing¢ "1_
8k = 4??&5{1-1-(:03919}@
> e [ deTy(z,z) §(Q%/«S)
=
>, €2 [ dza(z) 3(Q2/=5)

e No derivative term at the tree level!
e [n principle, there is no free parameter!

e A is very small and is estimated to be 2-4°,

“D. Boer and J.Q . Phys. Rev. D65 (2002) 034008, and references therein.
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5. SUMMARY AND QUTLOOK

Single transverse-spin asymmetry is a unique tool to
explore nonperturbative physics beyond parton
distributions

QCD factorization approach allows to quantify the size of
high order corrections, because of infrared safe partonic
hard parts

QCD factorization approach provides a systematic way to

calculate the asymmetries in different processes

Single transverse spin asymmetry in single hadron

production is an excellent observable to test the QCD

factorization

Data on the asymmetries provide nonperturbative

information on quark-gluon correlation

Theoretical calculation with derivative term only are

consistent with Fermilab data
A full leading order calculation will soon be available.

Drell-Yan single transverse-spin asymmetry is a clean

probe. But, the asymmetry is small



